Long-term quiescence or dormancy is a fundamental feature of cancer stem cells (CSCs) that are genetically identical to the malignant clone but constitute the only cells with tumor propagation potential within the overall tumor population. These quiescent cells show significant resistance to radiation and antiproliferative chemotherapy due to distinctive properties that seem to be related to their stem cell-like character. Hence, successful anticancer therapy must consist of approaches that can target not only the differentiated cancer cells, but also the CSCs. Using serum-starved KG1a cell line as an experimental model system of quiescent leukemic cells (QLCs), the present study demonstrates that QLCs exposed to low concentrations of curcumin show high proliferative potential. Furthermore, when subjected to a combination therapy consisting of low concentrations of curcumin and 5-fluorouracil (5-FU), the QLCs displayed a high kill with an increase in the levels of nitric oxide (NO) and reactive oxygen species. These results were further consolidated with the observation of high caspase-3 activity in cells subjected to the combination therapy. This may suggest that low concentrations of curcumin stimulate the QLCs to become mitotically active, thereby sensitizing them to killing by the antimitotic drug, 5-FU.
INTRODUCTION
Acute myeloid leukemia (AML) is a heterogeneous clonal disorder of hematopoietic progenitor cells that is characterized by a blockage of differentiation and an accumulation of immature non-functional myeloid cells in the blood. [1] It is the most common malignant myeloid disorder among children and adults. [2] The mainstream approach for AML treatment is chemotherapy, radiation, or surgery. [1, 3] However, the association between conventional therapy and severe toxicity followed by a tendency to relapse or metastasize cannot be ignored. [3, 4] In many cases resistance to therapy develops, leaving AML patients with no alternative but to undergo bone marrow transplantation (BMT) for a disease-free survival. [2, 4] According to cancer stem cell (CSC) theory, CSCs are responsible not only for tumor initiation, development, and metastasis but also for therapeutic resistance. [3, [5] [6] [7] These cells were first identified by Bonnet and Dick [8] in AML. Following their findings many other groups have identified these cells in various solid tumors, such as brain, breast, pancreas, and prostate. [9] [10] [11] [12] Standard chemotherapy and radiotherapy target only the active tumor cells. Quiescent CSCs evade therapy and remain unharmed, a major concern for the development of insensitivity towards therapy leading to relapse associated with leukemia. [3, 5, 7] Furthermore, the release of inflammatory cytokines --particularly interleukin (IL)-6, IL-8 and IL-1 --as a consequence of induced cancer cell death has been shown to stimulate replication of CSCs, [13, 14] and also affect at multiple sites along CSC pathways such as Wnt, Notch, Hedgehog, and focal adhesion kinase (FAK). [7, 12, 13] CSCs that are generated as a result of chemotherapyinduced tumor cell death that stimulates the release of inflammatory cytokines have been reported to be more refractory to therapy. [13, 15, 16] This suggests that, for therapy to be consistently effective, it must eliminate both CSCs and non-stem cell cancer cells.
Currently research is being done to harness the medicinal properties of natural compounds for treating leukemia. [17, 18] Natural compounds are cheap, are easily available, and do not cause any adverse effects. [17, 18] Curcumin is a well-known dietary polyphenol [19] [20] [21] and is an active ingredient of turmeric that possesses antioxidant and antiinflammatory activities. [19, 21] Its safety and tolerability has been well-established by numerous clinical studies. [19, 21] It has been shown that curcumin has significant cytotoxic and apoptotic effects on the promyelocytic cell line, HL-60, suggesting that it may have a potential therapeutic role for human leukemia. [22] [23] [24] [25] A study conducted by Fong et al. [26] showed that curcumin inhibited the side population (SP) phenotype of the rat C6 glioma cell line, demonstrating for the first time in vivo that curcumin has anticarcinogenic and antimetastatic activity in the brain. Another study demonstrated that curcumin is able to target breast stem/progenitor cells, as evidenced by suppressed mammosphere formation along serial passage and by a decrease in the percent of aldehyde dehydrogenase (ALDH)-positive cells. [27] [28] [29] To summarize, several cell and animal studies have demonstrated and corroborated the apoptotic activity and anticancer effect of curcumin in different types of cancers, [30] [31] [32] [33] [34] and recent research has shown that curcumin can also target CSCs. [35] In the present work we demonstrate that curcumin, at low concentrations, induces proliferative responses in QLCs, thereby sensitizing them to the antimitotic drug, 5-fluorouracil (5-FU).
METHODS

Reagents
Curcumin, Fetal Bovine Serum (FBS), Griess Reagent, Dichloro-dihydro-fluorescein diacetate (DCFH-DA), Propidium Iodide (PI), 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide (MTT), 5-Fluorouracil (5-FU), Dimethyl Sulfoxide (DMSO), RNase-A were purchased from Sigma-Aldrich, USA; Iscove's Modified Dulbecco's Media (IMDM), L-Glutamine, Antibiotic Solution (Penicillin + Streptomycin), Trypan Blue Dye, Phosphate Buffer Saline (PBS) were purchased from Himedia, India; Caspase-3 Colorimetric Assay Kit was purchased from RayBiotech.
Cell culture
KG1a cell line was procured from National Centre for Cell Science (NCCS), Pune, India and was maintained under standard conditions as per the ATCC guidelines. KG1a is a variant sub-line of KG1 that is morphologically and functionally less mature than KG1. It does not respond to colony-stimulating factors in soft agar assays. Cells were starved in low serum (0.5% FBS) medium overnight to prepare Quiescent Leukemic Cells (QLCs) from them. [36] QLCs were subjected to various treatments as follows:
1. Treatment with only curcumin (CU): QLCs were treated with various concentrations of curcumin ranging from 10 µg to 100 µg/mL in growth medium (IMDM supplemented with 20% FBS) for 48 h. 2. Treatment with only 5-fluorouracil (5-FU): QLCs were exposed to varying concentrations of 5-FU (6-100 µg/mL) in growth medium for 24 h. 3. Combinatorial treatment: QLCs subjected to curcumin treatment (10-100 µg/mL) for a period 48 h (step 1) were harvested and resuspended in fresh growth medium containing 6 µg/mL of 5-FU. The cells were further incubated for a period of 24 h after which they were subjected to various biochemical assays as described below.
3-(4,5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide (MTT) assay
QLCs exposed to various treatments were subjected to a standard MTT assay as discussed before, and the percent proliferation was determined. [36] Growth curve experiment
Growth curve experiment was performed to determine the doubling time. QLCs were treated with 10 µg/mL curcumin, and viable cell counts were taken at specified time intervals using trypan blue dye exclusion method.
Flow cytometric analysis of cell cycle
Cell cycle analysis using propidium iodide (PI) staining was performed to distinguish the cells in various stages of the cell cycle. Briefly, the QLCs exposed to various treatments were stained with PI, after which analysis of the cell cycle was performed using BD FACSCalibur TM (BD Biosciences, USA).
Nitric oxide (NO) assay
Nitric oxide assay was performed using modified Griess reagent for the colorimetric detection of NO production by QLCs subjected to curcumin and/or antimitotic drug treatment(s) at 540 nm using BioTek™ Eon™ Microplate Spectrophotometer (USA).
2', 7'-dichlorofluorescein diacetate (DCFDA) assay
QLCs exposed to curcumin and/or antimitotic drug treatment(s) were checked for the generation of Reactive Oxygen Species (ROS) by DCFDA assay. QLCs were incubated with 10 µM DCFDA for 30 min at 37°C. After incubation, 2', 7'-dichlorofluorescein (DCF) was measured at 495-529 nm by using a fluorometer (Fluoroskan Ascent, Thermo Fisher Scientific, USA).
Apoptotic assay
This assay was performed as per manufacturer's instructions (RayBiotech) to estimate the caspase-3 activity of the QLCs. The intensity of the color was measured at 400/405 nm by using a spectrophotometer reader (BioTek™ Eon™ Microplate, USA).
Statistical analyses
The data were analyzed by One-way Repeated Measure Analysis of Variance (One-Way RM ANOVA). The Standard Error of Mean (S.E.M.) values were used for plotting the error bar graphs, using the SigmaPlot software (version 13.0). Level of significance was denoted as follows: * P ≤ 0.05, * * P ≤ 0.01 and * * * P ≤ 0.001.
RESULTS
Low concentrations of curcumin induce proliferation of quiescent leukemic cells
It has been shown that curcumin inhibits cell proliferation, causes cell cycle arrest, and initiates apoptosis in several human cancer cell lines. [37, 38] We first wanted to determine the concentration(s) of curcumin that would be most effective against the QLCs. Hence we cultured the serumstarved KG1a cells for 48 h with various concentrations (10-100 µg/mL) of curcumin. We were expecting to see a dose-dependent inhibitory effect of curcumin on the QLCs. Intrestingly, however, we observed that low concentrations of curcumin (10 µg/mL and 20 µg/mL) stimulated the cells to undergo proliferation, whereas at all other concentrations of curcumin (30 µg/mL to 100 µg/mL) imparted inhibitory effects [ Figure 1 ]. Our proposition is that since KG1a cells are known to contain leukemia-like stem cells, [16] low concentrations of curcumin could have induced the leukemia-like stem cells to proliferate.
Curcumin results in an increased cell yield by reducing the doubling time of QLCs
Since low concentrations (10 µg/mL and 20 µg/mL) of curcumin led to proliferation of the QLCs, we next wanted to know whether treatment with curcumin would alter the cell cycle kinetics. Serum-starved KG1a cells were treated with 10 µg/mL of curcumin, and viable cell counts using trypan blue dye exclusion method were taken at every 24 h interval for a period of 6 days. As seen in Table 1 , it was observed that till day 4, the doubling time of QLCs treated with curcumin was reduced to almost half that of the untreated cells. The minimum doubling time of 6.14 h was observed on the second day. It is also important to note that the doubling time of curcumintreated cells was lower than that of untreated cells for all 6 days [ Figure 2 ].
5-Fluorouracil inhibits the proliferation of QLCs in a dose-dependent manner
The presence of leukemic stem cells (LSCs), also known as cancer stem cells (CSCs), is a major problem in the treatment of leukemia. The LSCs are refractory QLCs were treated with 10 µg/mL of curcumin. Viable cell count was taken at an interval of 24 h for 6 days. Although minimum doubling time (6.14 h) was observed at Day 2 (24-48 h), the overall doubling time of curcumintreated cells was always lower than the doubling time of vehicle control (VC). The data represent mean ± S.E.M of three independent experiments (** P ≤ 0.01) to treatment, and their presence is associated with relapses. [13, 15, 16] In 2008, Vaidya et al. [36] showed that inhibition of p38 mitogen-associated protein kinase (MAPK) sensitizes the QLCs to antimitotic agents 5-FU and cytosine arabinoside (Ara-C). Since the treatment of QLCs with low concentrations of curcumin was pushing the cells into proliferation, we conjectured that this proliferative response could be translated to increase the sensitivity of the leukemic cells to antimitotic agents. Hence, we first reconfirmed whether serum-starved KG1a cells were a good model system to study the effects of antimitotic drugs. We exposed the quiescent KG1a cells to different concentrations of 5-FU and subjected them to MTT assay. As shown in Figure 3 , 5-FU induced dosedependent killing of the quiescent KG1a cells, thereby validating it as a good model system for testing the efficacy of antimitotic drugs.
Quiescent leukemic cells prepared from KG1a get sensitized to low levels of 5-FU when treated with low concentrations of curcumin
Based on our previous studies, [36] we wanted to examine whether the proliferative response induced by low concentrations of curcumin treatment would make the quiescent leukemic cells more susceptible to the mitotic inhibitor 5-FU. KG1a cells that were made quiescent by serum deprivation were first treated with low concentrations of curcumin (10 µg/mL and 20 µg/mL) and then exposed to 6 µg/mL (lowest concentration) of 5-FU. [36] MTT assay was then carried out to assess the percent proliferation of the cells. It was observed [ Figure  4E ] that QLCs that were treated with a combination of 5-FU and low concentrations of curcumin were more effectively killed (low percent proliferation: 60% and 65% for 10 µg/mL and 20 µg/mL, respectively) as compared to Figure 4A ] or exposed to only curcumin [ Figure 4B ], only 5-FU [ Figure 4C ] and both curcumin and 5-FU [ Figure 4D ]. It is clearly seen that QLCs that were exposed to only curcumin underwent high proliferation and were more susceptible to the antimitotic effects of 5-FU.
Curcumin pushes the QLCs into the S phase of the cell cycle which sensitizes them to killing by the antimitotic drug 5-FU
The antimitotic drug, 5-fluorouracil (5-FU) selectively kills the cells in the S-phase of the cell-cycle, leaving the quiescent leukemic cells (QLCs) unharmed. [36, 39] Hence, our next step was to check whether the induction of proliferative responses in presence of low concentration(s) of curcumin was pushing the QLCs into the S phase of the cell cycle.
In this set of experiments, serum-starved KG1a cells were treated with curcumin and/or 5-FU, after which they were taken for propidium iodide (PI) staining. Figure 5B shows that, as compared to the vehicle control (VC) cells (M2 = 2.37%), a greater number of curcumin-treated cells (M2 = 29.76%) migrated from G 0 /G 1 phase towards S phase of cell cycle. It was also observed that as a consequence, fewer number of curcumin-treated cells (M1 = 40.44%) were present in G 0 /G 1 phase than in the untreated cells (M1 = 85.95%). In QLCs that were exposed to combination treatment (curcumin + 5-FU), a profile similar to curcumin-only cells was observed in M1, M2, and M3 stages. However, a striking difference was seen at the M4 stage between the cells that were subjected to combination treatment (M4 = 30.58%) (green bar at M4 of Figure 5B ) and those that were treated with 5-FU only (M4 = 9.87%) (red bar of at M4 Figure 5B) . The difference indicates that the proliferative responses induced by curcumin sensitized the QLCs to killing by the antimitotic drug 5-FU.
QLCs exposed to combination treatment show higher caspase-3 activity
The flow cytometric analysis of the cell cycle effectively demonstrated that the exposure to curcumin was helpful in improving the outcome of antimitotic drug therapy [ Figure 5B ]. However, we wanted to confirm whether the QLCs that were being targeted by 5-FU were undergoing apoptosis. To check the apoptotic profile of QLCs treated with both curcumin and 5-FU, we performed caspase-3 assay as per manufacturer's instructions. As seen in Figure  6 , there was indeed a high caspase-3 activity in cells treated with combination therapy when compared to those treated with only 5-FU. This confirms that curcumin sensitized the QLCs to undergo apoptosis in presence of the antimitotic drug 5-FU.
Low concentrations of curcumin and 5-FU together increase the levels of nitric oxide in QLCs
Since low concentrations of curcumin caused the proliferation of QLCs that were sensitive to 5-FU treatment, we wanted to check whether the kill seen in QLCs was being mediated by the expression of nitric oxide (NO). NO is known to react with superoxide at a high rate (k ≥ 6.7 × 10 9 M −1 s −1 ) to form peroxynitrite, which is far more reactive and damaging than its precursors. [40] The downstream products of superoxide, including hydrogen peroxide and peroxynitrite, are potent oxidants that induce oxidative injury of cells, resulting in apoptosis. [41, 42] Nitric oxide assay determines nitric oxide based on the enzymatic conversion of nitrate to nitrite by nitrate reductase. [43, 44] The reaction is followed by a colorimetric detection of nitrite as an azo dye product of the Griess reaction, which absorbs light at 540 nm. As seen in Figure 7 , cells that were treated with a combination of both curcumin and 5-FU expressed higher levels of NO than cells that were treated with only curcumin or only 5-FU.
Combination treatment of quiescent KG1a cells with low concentrations of curcumin and 5-FU stimulates higher generation of reactive oxygen species
Generally, the production of ROS by mitochondria is a consequence of the blockade of the electron transfer chain. It has been well documented that NO can inhibit the activity The treated cells were harvested and subjected to caspase-3 assay. Intensity of the color was measured at 400/405 nm by using microplate spectrophotometer. In the graph, VC represents vehicle control; 10CU represents the cells treated with curcumin only (10 µg/mL); 5-FU represents cells treated with 5-FU only (6 µg/mL), and 10CU + 5-FU represents combination treatment of 10 µg/mL of curcumin and 6 µg/mL of 5-FU. Serumstarved KG1a cells treated with 10 µg/mL of curcumin induce minimum caspase-3 activity as compared to VC. Cells treated with a combination of 10 µg/mLof curcumin and 6 µg/mL of 5-FU induces maximum caspase-3 activity as compared to the cells exposed to only 5-FU. The data represent mean ± S.E.M of three independent experiments (* P ≤ 0.05, *** P ≤ 0.001) Figure 7 : Combination treatment with low curcumin concentrations and 5-FU leads to higher generation of NO in quiescent KG1a cells: QLCs were subjected to various treatments as shown in the graph. After treatment, the cells were spun, supernatant was collected into fresh plates and to the supernatant was added an equal volume of Griess reagent. The plate was incubated for 15 min in dark at room temperature (RT) and the intensity of color was measured at 540 nm using microplate spectrophotometer. PC represents positive control, that is sodium nitrite solution (50 µm). VC represents vehicle control; 10CU and 20CU represent the concentrations of curcumin used, that is cells treated with only 10 µg/mL and 20 µg/mL respectively; 5-FU represents cells treated with only 6 µg/mL of 5-FU; 10CU + 5-FU, and 20CU + 5-FU represents cells treated with combinatorial treatment of curcumin (10 µg/mL or 20 µg/mL) and 5-FU (6 µg/mL). Serumstarved KG1a cells treated with 10 µg/mL and 20 µg/mL of curcumin generated minimum amount of nitrites as compared to VC, whereas cells treated with a combination of 10 µg/mL or 20 µg/mL of curcumin and 6 µg/mL of 5-FU, respectively, showed maximum levels of nitrite as compared to the cells treated with only 5-FU. The data represents mean ± S.E.M of three independed experiments (* P ≤ 0.05, ** P ≤ 0.01) Figure 8 : QLCs subjected to combination treatment generate higher levels of ROS: Quiescent cells generated from KG1a cells were incubated with low concentrations of curcumin only (10 µg/mL and 20 µg/mL), 5-FU only (6 µg/mL) and a combination of curcumin and 5-FU, as shown in the graph. The treated cells were collected and spun, and the cell pellet was incubated with 100 µL of DCFDA (10 µm) for 30 min at 37°C. After incubation the cells were centrifuged, and the pellet was resuspended in 1 × PBS. The fluorescence was measured at 495-529 nm. In the graph, PC represents positive control that is hydrogen peroxide (50 µm), VC represents vehicle control; 10CU and 20CU are cell samples treated with curcumin only (10 µg/mL and 20 µg/mL, respectively), 5-FU represents 5-FU only (6 µg/mL) treated cells, and 10CU + 5-FU, 20CU + 5-FU represents combination treatment of curcumin (10 µg/mL or 20 µg/mL) and 5-FU (6 µg/mL), respectively. Quiescent KG1a cells treated with only 10 µg/mL or 20 µg/mL of curcumin generated minimum amount of ROS, as compared to VC. QLCs treated with a combination of 10 µg/mL or 20 µg/mL curcumin, respectively, and 6 µg/mL of 5-FU showed maximum ROS generation as compared to the cells treated with only 5-FU. The data represent mean ± S.E.M of three independent experiments (* P ≤ 0.05, ** P ≤ 0.01) of several enzymes of the mitochondrial respiratory chain including complex I, complex II-III, and complex IV in the cells. [41, 45, 46] The inhibition of mitochondrial respiration by NO may increase the electron leakage and cause the formation of endogenous ROS (mainly superoxide anion), which can be observed in submitochondrial particles. [46] [47] [48] High levels of ROS may cause the oxidative damage of various cellular components and finally result in cell death. [45, 46] ROS is capable of causing oxidative damage to biomacromolecules, leading to lipid peroxidation, oxidation of amino acid residues (especially cysteine residues), formation of protein-protein cross-links, and DNA oxidative damage. [41, 49] Since we had seen a high expression of NO in cells treated with the combination of curcumin and 5-FU, we were interested in finding out whether these cells would also generate high levels of ROS. The QLCs treated with a combination of curcumin and 5-FU were subjected to DCFDA assay. It was observed [ Figure 8 ] that combination treatment [curcumin (10 µg/mL and 20 µg/mL) + 5-FU (6 µg/mL)] led to an increase in the level of ROS generation (10 µg/mL = 80%, 20 µg/mL = 60%), as compared to that generated by only 5-FU treated cells (40%).
DISCUSSION
AML is a hematological malignancy that results from transformation of multipotent hematopoietic progenitors and leads to accumulation of immature myeloid cells in the bone marrow. Many studies have shown that curcumin demonstrates antiproliferative, antioxidative, cytotoxic, pro-oxidant, and antitumor activity in many human cell lines, [1, 19, 21] including T and B leukemia, in a dosedependent manner. [50, 51] Although it has been reported that curcumin induces apoptosis in human leukemia HL-60 cells, [24] the exact pathway that leads to apoptosis of the HL-60 cells remains unclear. Another study has demonstrated that ROS is involved in the apoptosis induced by curcumin in HL-60 cells. [25] Additionally, it has been shown that curcumin may inhibit proliferation and induce apoptosis of leukemic cells by arresting them in various phases of the cell cycle. [13, 14] It has also been suggested that curcumin may induce apoptosis in tumor cells by a mitochondriadependent mechanism, suggesting that curcumin can activate cytochrome c caspase-3. [37, 38, 45, 46, 48] In the last few years, progressive studies have underscored the importance of a combination approach in the development of effective therapies against leukemia. It is becoming obvious that the molecular basis for most leukemias is far more complex than can be addressed by use of a single-target or single-drug approach. On one end, there are cycling cancer cells that are receptive to antimitotic drugs; on the other end, there are mitotically inactive leukemic stem cells that evade traditional anticancer therapies. As a result, it is imperative to adopt a multitarget-based drug development paradigm for the treatment of complex human diseases that work by different mechanisms of action. In the present study, we have demonstrated that low concentrations of curcumin push the quiescent leukemic cells into the cell cycle, thereby sensitizing them to the antimitotic drug 5-fluorouracil. Although the molecular mechanism(s) behind the inhibitory effect of the combination therapy on leukemic cells have yet to be explained, this approach could be exploited to selectively target leukemic stem cells that are responsible for relapse associated with leukemia, and to develop novel anticancer therapies for the treatment of leukemia. Simultaneously, this approach could also be combined with other strategies employed in the ex vivo expansion of normal hematopoietic stem/ progenitor cells.
